The kinetics of hexacelsian to celsian phase transformation in SrAl 2 Si 2 08 have been investigated. Phase pure hexacelsian was prepared by heat treatment of glass flakes at 990 °C for 10 h. Bulk hexacelsian was isothermally heat treated at 1026, 1050, 1100, 1152, and 1200 °C for various times. The amounts of monoclinic celsian formed were determined using quantitative X-ray diffraction. Values of reaction rate constant, k, at various temperatures were evaluated from the Avrami equation. The Avrami parameter was determined to be 1.1, suggesting a diffusionless, one-dimensional transformation mechanism. From the temperature dependence of k, the activation energy for this reaction was evaluated to be 527 + 50 kJ/mole (126 + 12 kcal/mole). This value is consistent with a mechanism involving the transformation of the layered hexacelsian structure to a three-dimensional network celsian structure which necessitates breaking of the strongest bonds, the Si-O bonds.
INTRODUCTION
Strontium aluminosilicate glass of SrAl 2 Si 20 8 (SAS) composition is being investigated 12 for fiber-reinforced glass-ceramic matrix composites for high temperature structural applications in aerospace propulsion and power systems. When SAS glass is heat treated, both hexacelsian and monoclinic celsian phases having the composition SrAl 2 Si 20 8 crystallize. Celsian is the stable phase below its melting point (-1650 °C) and does not exhibit any phase transformation. It also has a low thermal expansion and is one of the most refractory glass-ceramic compositions. In contrast, hexacelsian is a metastable phase and undergoes reversible structural transformations at --600 °C and -760 °C, accompanied by volume changes. In the presence of fibers, these volume changes lead to undesirable residual stresses and possible matrix cracking.
The hexacelsian phase should thus be avoided in the matrix material of fiber-reinforced SrAl 2 Si 208 composites.
The objective of the present investigation was to study the time-temperature kinetics of hexacelsian to celsian phase transformation in SrAl 2 Si 208 . Rate constants for this reaction were determined at various temperatures between 1025 and 1200 °C using the Avrami equation, and the activation energy was evaluated from the temperature dependence of the rate constant. Isothermal heat treatments of the glass flakes were carried out in a programmable Lindberg box furnace, with temperature control of better than +5 °C of the set value. The flakes were airquenched and ground to pass through a 325 mesh sieve. Powder X-ray diffraction (XRD) patterns were recorded using a step scan procedure (0.03°/29 step, count time 0.5 s) on a Philips ADP-3600 automated powder diffractometer equipped with a crystal monochromafor and employing copper K. radiation.
EXPERMENTAL METHODS
Hexacelsian was synthesized by heat treatment of glass flakes at 990 °C for 10 h in air. Single phase monoclinic celsian was prepared from SAS glass powder by isothermal heat treatment at 1300°C for 10 h in air. Reference standards of various compositions were prepared by mixing hexacelsian and celsian in different weight ratios. The area under two monoclinic XRD peaks (20 = 27.2 and 27.6°), which did not overlap with the hexacelsian peaks, was measured and a calibration curve of peak area vs. weight % celsian was established. The weight fraction of celsian was determined in isothermally heat-treated hexacelsian flakes at temperatures between 1025 and 1200 °C for times ranging from 5 min to 100 h. XRD scans were run in triplicate for standard and the heat-treated samples.
Optical microscopy was carried out on fracture surfaces of bulk specimens, ground and polished to 0.54m, and etched for 5 -10 sec with a solution consisting of 1HF + 2HNO 3 + 97H2O (parts by volume) .
RESULTS
Powder XRD patterns of hexacelsian and celsian prepared by controlled heat treatments of SAS glass are compared in Fig. 1 . The celsian phase probably also nucleates at the interface of hexacelsian crystals in the bulk.
The Avrami equation, which is a good description for a phase change by a nucleation and growth process, was used to evaluate the reaction rate constant at each temperature:
where x is the volume fraction transformed after time t, k is the reaction rate constant, and n is the Avrami exponent which is related to the mechanism of crystal growth. Rearranging eq. (1) Table I . The rate constant increased sharply with temperature --by more than two orders of magnitude as the temperature was raised from 1026 to 1200 "C.
Temperature dependence of k is expressed by the Arrhenius equation:
where v is the attempt frequency, E the transformation activation energy, R the gas constant, and T the isothermal reaction tempera-ture in Kelvin. An Arrhenius plot of In k vs. 1/T for the data of Table I is presented in Fig. 8 . In t (s) Figure 7 .-Avrami plots for hexacelsian to celsian phase transformation in bulk SrAl 2 Si 208 at various temperatures. 
